Under extended phase-matching conditions, the first frequency-derivative of the phase-matching function is zero and the phase-matching bandwidth is greatly increased. We made extensive three-wave mixing measurements to identify the operating point for extended phase matching, thus permitting us to observe a type-II phase-matching bandwidth of 100 nm centered at the fundamental wavelength of 1584 nm for second-harmonic generation in a 1-cm-long flux-grown periodically-poled KTiOPO 4 .
Since the advent of nonlinear optics, nonlinear frequency conversion, and particularly second-harmonic generation (SHG), has played a central role in extending the spectral range of light sources in both continuous-wave (cw) and pulsed modes. For efficient SHG, the conventional phase matching condition is satisfied by birefringent phase matching, and the output wavelength can be varied by either temperature or angle tuning. More recently, quasi-phase matching (QPM) in a periodically-poled ferroelectric nonlinear crystal allows efficient operation over the crystal's transparency window. For many applications, it is desirable to have a large phase-matching bandwidth without loss of efficiency. However, the SHG bandwidth is usually limited to a few nm due to material dispersion of the nonlinear crystal. With QPM, it is possible to use aperiodic gratings and pre-chirped pulses to achieve ultrafast SHG, but the efficiency is degraded. 1 
Recently, Richman et al.
2 demonstrated wideband SHG in type-I β-barium borate by use of achromatic phase matching in which the input light was angularly dispersed before coupling into the crystal, thereby allowing simultaneous phase matching over a broad bandwidth without loss of efficiency. The method, however, can be cumbersome because precise input angles versus wavelengths must be carefully maintained.
Another method that also retains the usual QPM efficiency and allows collinear inputs has been demonstrated in type-I phase-matched MgO-doped periodically-poled lithium niobate (PPLN) in which simultaneous QPM and group-velocity matching occur at the center fundamental wavelength of 1560 nm. 3 This technique eliminated the phase mismatch in MgO-doped PPLN to first order in frequency and the phasematching bandwidth was significantly broadened to 70 nm, limited by the second order term.
Group-velocity matching has also been suggested in the context of quantum optics. It has been shown that entangled photon pairs with coincident frequencies can be utilized to improve measurement accuracy in applications such as quantum-enhanced positioning and clock synchronization. 4 Giovannetti et al. suggested that coincidentfrequency entangled photon pairs can be generated from type-II phase-matched pulsed parametric downconversion 5, 6 under an extended phase-matching condition that requires zero group-velocity mismatch (GVM). Under this extended phase matching condition, the orthogonally-polarized signal and idler output frequencies of each pair are identical over a broad spectral range. The inverse of this process should then yield efficient type-II phase-matched SHG over a broad spectrum. In this work, we report observation of extended phase matching for cw SHG in a flux-grown periodicallypoled potassium titanyl phosphate (PPKTP) crystal when it is operated under the condition of zero GVM.
Consider the typical SHG phase matching function for collinear propagation along the PPKTP's x axis
where ω 0 is the center frequency of the fundamental wave, and k is the wavevector for the pump (p), signal (s), and idler (i) in PPKTP which is assumed to have a first-order grating period Λ. Under QPM, ∆k(0) = 0, and the first-order term in a
Taylor expansion of Eq. (1) is given by
k ≡ dk/dω is the inverse of the group velocity, and the bracketed term in Eq. (2) is the GVM. Typically, the phase-matching bandwidth is limited by the GVM. Under extended phase matching conditions, in which the GVM is zero and QPM is maintained, the phase-matching bandwidth is determined by the second-order term, or the group-velocity dispersion. Therefore, the SHG bandwidth is significantly larger in the zero-GVM case.
For collinear propagation, the GVM is entirely a function of the material dispersion and a zero typically occurs at a single operating frequency. The grating period of a periodically-poled material is a free parameter that can be chosen such that QPM and zero GVM occur at the same operating wavelengths. An additional choice is whether to use type-I or type-II phase matching. For type-I phase matching, In a preliminary estimate of the zero-GVM operating wavelength, we survey different sets of Sellmeier equations for n y at λ ≈ 800 and 1600 nm, and n z at λ ≈ 1600
nm. There is a substantial variation in their prediction of where zero GVM should occur because there are no published data on n y near 1600 nm. To decide on the correct QPM grating period, we have made an extensive set of difference-frequency (DF) measurements in a flux-grown PPKTP to map out its phase-matching function, including the GVM, around the wavelengths of interest. We used a 10-mm-long PPKTP crystal with four separate 1-mm-wide channels with grating periods of 44.0, 45.5, 47.0, and 48.5 µm, respectively. The crystal was cut for collinear propagation along its x axis, and we used a cw tunable Ti:sapphire laser as a pump with its polarization along the crystal's y axis. Typical pump powers were 100-200 mW and the pump wavelength range was 756-832 nm. A second, weaker probe input was derived from one of two cw tunable InGaAsP Fabry-Perot lasers with a combined wavelength coverage from 1520 to 1630 nm and typical powers of 2-3 mW. The polarization of the weaker input was aligned along either the y or z axis of the crystal. Because we were interested in type-II phase matching, the DF signal had a polarization that was orthogonal to the weak probe beam. The strong pump was modulated with a mechanical chopper and the DF signal was detected by an InGaAs p-i-n photodiode, filtered with a bandpass amplifier, and synchronously measured with a lock-in amplifier. To improve the signal-to-noise ratio, we used a polarizer to pass the DF signal and block the orthogonally-polarized weak probe, and we inserted a long-pass filter to block the strong pump. Figure 1 shows the phase-matched y-polarized pump wavelength and the corresponding z-polarized probe or DF signal wavelength for the four gratings.
We fit the data in Fig. 1 to a set of Sellmeier equations by using Fradkin's equation 7 for n z and a modified Fan's equation 8 for n y . We note that the unmodified Fan's equation for n y has been successfully used in the 800-nm region but does not describe our data around 1600 nm. Our modified Sellmeier equation for n y is given by
with A 1 = 2.09930, A 2 = 0.922683, A 3 = 0.0467695, and A 4 = 0.0138404 (λ in units of µm). Figure 1 shows an excellent fit (solid lines) to the data by using the new set of Sellmeier equations, and the dashed line represents the case in which the probe to pump wavelength ratio is exactly two. Our goal was to choose a grating period that would allow phase matching to occur along this dashed line with as much overlap as permitted by the group-velocity dispersion. The data in Fig. 1 clearly show a curvature of the phase-matching function, thus allowing us to map out the phasematching function and its first derivative centered at the wavelengths of interest.
Using the modified Sellmeier equations, we obtain a grating period Λ It is also possible to obtain the relevant information (Λ e and λ e ) without the use of Sellmeier equations. This is especially useful in our case when DF measurements are made in only a limited wavelength range. We take a phenomenological model to describe the grating period that is required for DF generation under QPM using a quadratic function of the pump and probe wavelengths:
where λ p and λ i are the pump and probe (idler) wavelengths, respectively. The quadratic functional fit to the DF measurements yields the coefficients for Eq. (4) given in The phase-matching bandwidth can be improved further by increasing the angle of incidence slightly to shift the peak wavelength away from the center of Fig. 2(a) .
In effect, we permitted a slight ∆k mismatch at the center wavelength, and shifted the probe wavelengths for ∆k = 0 to ∼1550 and ∼1615 nm that are about symmetrically displaced from 2λ of ∼100 nm for Fig. 2(b) . From the quadratic model, similar theoretical curves as in Fig. 2 are also obtained, with good fits in both the bandwidths and the center wavelengths. We note that we were not able to map out the entire wavelength spectrum of interest because our lasers were limited to a wavelength range of 1520-1630 nm.
In summary, we have demonstrated extended type-II phase matching in PP-KTP under which the GVM is zero, resulting in a significant increase in SHG phasematching bandwidth. We obtained the phase-matching function including its first derivative around the wavelengths of interest by detailed three-wave mixing measurements and fitting with a modified set of Sellmeier equations and also with a quadratic function of the interacting wavelengths. Accurate measurements of the phase-matching function allowed us to obtain the correct zero-GVM operating wavelengths and the corresponding QPM grating period for extended phase-matching operations. The method shown in this work can easily be applied to other nonlinear crystals to yield extended phase-matching bandwidths at other wavelengths of interest. 
